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ABSTRACT 

A lunar occultation event of the Wolf-Rayet star WR 112 (type WC9) has been ob- 
served simultaneously from two independent telescopes at A = 2.2/im, allowing us to 
investigate this source with an angular resolution of f» 0.003 arc-seconds. We have 
detected a circumstellar dust envelope whose brightness distribution can be approx- 
imately fitted by a gaussian with a FWHM of «0.06 arc-seconds (« 10 15 cm). We 
present and discuss the reconstructed brightness profile, which shows an asymmetry 
in the radial dust distribution. The derived dust grain temperature at the inner dust 
zone of «1150K is consistent with available model calculations. There is no signa- 
ture of the central star from our observations, providing a direct confirmation that 
the circumstellar shell emission dominates over the photospheric emission at 2.2/im as 
predicted by fits to the spectral energy distribution. Further lunar occultation obser- 
vations at different position angles are essential to reconstruct the 2-D image of the 
dust shell around WR 112. The current series of lunar occultations of WR 112 will 
continue to the end of 1999 and will be visible for all equatorial and southern latitude 
observatories. 
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1 INTRODUCTION 

Wolf-Rayet (WR) stars represent a small population of 
evolved high-mass stars. They are characterized by strong, 
broad emission line features in their optical spectra, indica- 
tive of powerful stellar winds and in turn of mass loss (Ab- 
bott & Conti 1987). This latter is inferred also from P Cygni 
profiles in the UV and visual, from free-free emissions and 
thermal dust emissions in the infrared, from continuum ex- 
cess radiation in radio, and from H a and forbidden-line 
imaging in the optical. The total wind energy emitted by 
a WR star during its lifetime is comparable to the energy of 
a supernova (van der Hucht, Williams & The 1987). 

WR stars exhibit IR excess, which has been attributed 
to free-free emission in the case of WN and early- WC type 
WR stars, and thermal emission from circumstellar dust in 
the case of late-WC type WR stars. In fact, several late-WC 
stars have been discovered from infrared survey as these ob- 
jects are highly obscured in the optical by the circumstel- 



* Based on observations collected at TIRGO (Gornergrat, 
Switzerland) and at Calar Alto (Spain). TIRGO is operated by 
CNR - CAISMI Arcetri, Italy. Calar Alto is operated by the 
German-Spanish Astronomical Center. 



lar dust. Initially, the dust grains around WC stars were 
thought to be graphite (Cohen 1975), but it is widely estab- 
lished now that the grains are made rather of amorphous 
carbon (Williams et al. 1995; van der Hucht et al. 1996). 
Episodic dust formation has been witnessed in a few WC7 
stars from infrared photometric studies and linked with the 
orbital motion of a suspected binary system (Williams et al. 
1994). 

The circumstellar environment around WR stars has 
been investigated so far mainly by infrared photometry and 
spectroscopy. Spatially resolved observations of the circum- 
stellar emission around this interesting class of sources in 
the optical and infrared wavelengths are yet to be carried 
out on a regular basis, because of the rarity of these objects 
and of their distance. High angular resolution studies of WR 
stars could improve our understanding of high-mass stellar 
evolution and physical processes such as mass loss and dust 
condensation. 

Methods such as speckle or long baseline interferometry 
in the optical and near infrared lack sufficient angular reso- 
lution or sensitivity in order to resolve these sources. To our 
knowledge, only in one case (namely Ve 2-45) has the cir- 
cumstellar dust around one WR star been partially resolved 
by one-dimensional IR speckle observations (Allen, Barton 
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& Wallace 1981; Dyck, Simon & Wolstencroft 1984). The 
results of these observations were consistent with the dust 
shell model calculations. 

Lunar occultations in the near-infrared have been very 
successful in recent times in resolving circumstellar dust 
around evolved late-type giants, supergiants and carbon 
stars (Richichi et al. 1998a; Ragland, Chandrasekhar & 
Ashok 1997). In this paper, we report on lunar occulta- 
tion observations of the Wolf-Rayet star WR 112 (GL 2104), 
recorded almost simultaneously and independently from two 
telescopes in the near infrared. The circumstellar dust shell 
is well resolved from these observations, which for the first 
time have reached a resolution at the level of 0.003 arcsecond 
on such an object. 

WR 112 has been classified as WC9 (Massey & Conti 
1983). An alternative classification of WC8 can also be found 
in the literature (Allen et al. 1977; Cohen & Kuhi 1976). 
WR 112 has been discovered from the AFGL survey, while 
it was overlooked in the visual because of its faint magni- 
tude of 11=18.8 (note that v is a narrow filter not completely 
equivalent to the broad band V filter, for which no photom- 
etry is available in the literature). By comparison with our 
near-IR photometry, it is clear that WR 112 is subject to a 
strong reddening (A„ «13). The distance is estimated to be 
1.2 kpc, with an uncertainty of about ±20% (van der Hucht 
et al. 1988). 



2 OBSERVATIONS AND DATA REDUCTION 

The lunar occultation observations reported here were car- 
ried out with the 1.5m TIRGO and 1.23m Calar Alto tele- 
scopes. At the time of observation, the primary mirror of 
this latter was partially covered because of optical imper- 
fections and the effective size was only about 70 cm. The 
recorded event was a disappearance event at the dark limb 
of the Moon. Table [l] lists the circumstances of the events. 

The instruments used were FIRT and FIRPO at 
TIRGO and Calar Alto respectively. The instrumental de- 
tails can be found in Richichi et al. (1998b) and references 
therein. In both cases a standard K broad band filter was 
used to record the events. 

In addition to lunar occultation observations, near in- 
frared photometry of this Wolf-Rayet star has been carried 
out at the 1.23m Calar Alto telescope one day after the lu- 
nar occultations, and yielded the results H= 6.37 ±0.1 mag 
and K= 4.21 ±0.1 mag. 

The occultation data have been rebinned to improve 
the SNR. This has been achieved at the expense of a loss 
in angular resolution, which in any case is largely sufficient 
to resolve the dust shell. The resultant angular resolutions 
are 3 and 6 milliarcseconds (mas) respectively for the Calar 
Alto and TIRGO observations. The rebinned light curves 
have been analyzed using a model independent algorithm 
(CAL) introduced by Richichi (1989) for lunar occultation 
work. CAL is a composite algorithm which makes use of non- 
linear least squares method and Lucy's deconvolution algo- 
rithm, wherein an arbitrary profile is assumed as a initial 
guess and is iteratively modified to fit the observed occulta- 
tion data. It is noteworthy that the solution to the problem 
of recovering the brightness profile is not unique. The CAL 
algorithm converges towards the most likely solution, which 



Table 1. Circumstances of the occultation events 





Calar Alto 


TIRGO 


Date 


14-08-97 


14-08-97 


Predicted Time (UT) 


22:36:54 


22:49:06 


Predicted Position angle 


66° 


54° 


Predicted Contact angle 


-19° 


-31° 


Lunar phase 


84% 


84% 


Projected limb speed (km/s) 


0.680 


0.693 



is not necessarily the correct one. Simulations have shown 
that a uniform disk will be recovered as a gaussian profile, 
and in Richichi (1989) a ratio of 1.58 between the diameter 
of a uniform disk and the FWHM of the equivalent gaus- 
sian was derived. These considerations will be used in the 
discussion of our results. 



3 RESULTS AND INTERPRETATION 

The observed light curves and the corresponding fits are 
shown in the two upper panels of Fig. [I], while the recov- 
ered brightness profiles for each data set are shown in the 
lower panels of the same figure. Also shown are the formal 
error bars on the recovered brightness profiles. The scan di- 
rection for the two profiles differed by only 12° due to the 
geometry of the events at the two sites (see Table |l|) and 
was roughly in a South- West — North-East direction. This 
limits the possibility to exploit significantly the potential 
for 2-D information, but it has on the other hand the ad- 
vantage that the analysis of the two observations can be 
independently checked, thus adding reliability to the result. 
We attribute the extended brightness profile of WR 112 to 
the presence of warm circumstellar dust close to the stellar 
photosphere, as discussed below. The data from Calar Alto 
were noisier because of the smaller telescope aperture, and 
this is reflected in a lower SNR in the reconstructed profile. 
Even so, the general features are consistent with the profile 
obtained from the TIRGO data. 

We note the following points: a) there is no evidence of 
the central star, which is expected to be completely unre- 
solved and should leave a distinctive signature (well defined 
diffraction fringes) in the occultation trace; b) the profile 
of this dust shell can be approximately fitted by a gaus- 
sian with a FWHM of / .'059, or w 71 AU; c) the profile has 
broader wings than the simple gaussian approximation. 

These wings are not symmetric, with the one in the 
South- West direction significantly broader. This is made 
more evident by the comparison with the gaussian profile, 
which is also shown in Fig. [l]. It can be noted that the recov- 
ered broad feature to the SW is well above the noise level of 
the TIRGO data, and is present also in the lower SNR data 
of Calar Alto. The feature to the NE is less evident, but is 
also recovered consistently in both data sets. 

A two component blackbody fit to the photometric data 
suggests that the central star is about 6 magnitudes fainter 
than the circumstellar shell in the K band. This is well below 
our detection limit, and explains why there is no evidence 
of the central star from our observations. 
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Figure 1. Upper panels: occultation light curves of WR 112 (dots) observed at Calar Alto (left) and TIRGO (right) at 2.2/jm. Also 
shown are the best fits (solid lines). Lower panels: brightness profiles recovered from the two data sets (solid lines). Also shown is a 
gaussian profile with FWHM of 59 mas (dashed line), and the formal error bars associated with the reconstruction in the two cases. 



The peculiar continuum and the weakness of the CIII 
line at 4650A in the optical spectra suggest a possible com- 
panion of early spectral type (Cohen & Kuhi 1976; Cohen & 
Vogel 1978; Massey & Conti 1983): detection of the compan- 
ion is hampered by the same factors as the WC star, namely 
being about 6 magnitudes fainter than the dust shell at 2 
microns. 

One important aspect in the interpretation of the data 
is the fact that, in spite of the strong reddening, the dust 
around WR 112 is optically thin. This is deduced from 
the fact that the IR excess (which has been derived from 
the model fit to the observed spectral energy distribution) 
amounts to only 7.9% of the total flux (Williams, van der 
Hucht, The 1987). Most of the reddening must be inter- 
stellar in origin, and this is consistent with the fact that 



WR 112 lies in a region of high interstellar extinction 
(ln=12°, bn=— 1°). Moreover, it has been shown that A„ 
can be well correlated with the strength of interstellar ab- 
sorption features at 3.4 /im (Standford, Pendleton & Alla- 
mandola 1995) and 9.7^m (Roche & Aitken 1984). In the 
case of WR 112 this leads to the conclusion that circumstel- 
lar extinction contributes very little to the observed redden- 
ing. Also, there is strong indirect evidence from the photo- 
metric monitoring of WR 112 in the infrared and from its 
spectral type, that the dust condensation is probably a con- 
tinuous process in this star. WR 112 has been searched for 
HCN molecular line emission with negative results (Clair et 
al. 1979). Recently, the detection of the radio continuum at 
3 cm has been reported by Leitherer et al. (1997). There is 
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Table 2. Stellar and dust shell parameters 



Stellar effective temperature 19000 K 

Stellar radius 14.6 Rq 

Distance 1.2 kpc 

Dust grain composition amorphous carbon 

Dust grain temperature T gI . a ; n oc r — °- 4 

Dust grain density Pgrain c< r~ 2 

Inner dust shell angular radius 0'.'031 

Inner dust shell linear radius 5.6xl0 14 cm 550 R* 

Inner dust shell temperature 1150 K 



no appreciable polarization in this source from the infrared 
measurements carried out by Kobayashi et al. (1978). 

The FWHM of the recovered profile, when fitted with 
a gaussian, is 59±3 mas. The corresponding uniform disk 
angular diameter is 93±5 mas, from the arguments given 
in Sect. |^. Allen et al. (1981) gave a scaling factor of 1.5 
between the radii of a uniform disk and of the inner dust shell 
radius, under the assumption of constant dust condensation 
and optically thin shell which we have just discussed. Thus 
we derive an inner dust shell angular radius of 31 mas. At 
an assumed distance of 1.2 kpc to the source and including 
the associated uncertainty, this value translates to (5.6 ± 
1.2) x 10 14 cm, or ~ 37 AU. By comparison, Allen et al. 
(1981) derived a value of 1.2 x 10 15 cm for the inner radius 
of the dust shell around another WC9 star, namely Ve 2-45, 
at 2.2/im from speckle observations. 

We also note that under the above mentioned assump- 
tions, the models predict a bright rim at the inner zone 
of the shell where dust condenses (Rowan- Robinson 1980; 
Rowan- Robinson & Harris 1982). This is expected to be 
more sharply denned at 2/im than in the visual or at longer 
wavelengths. Such a bright rim is not evident from our data, 
but we must caution against a negative conclusion in this 
sense. In fact, we remind that the profiles shown in Fig. [I] 
are integrated in one direction (the direction perpendicular 
to the lunar limb), and it can be shown that in the case of 
circular symmetry the bright rim feature is effectively can- 
celed (see for instance Ridgway et al. 1986, 1987). 

Adopting the chemical composition of the grains to be 
amorphous carbon, the equilibrium grain temperature is ex- 
pected to fall off with the distance from the star as r -0,4 
(Williams et al. 1994). Assuming the stellar effective temper- 
ature to be 19000 K and the stellar radius to be 14.6 R© (van 
der Hucht, Cassinelli & Williams 1986), we derive the grain 
temperature at the inner dust shell to be 1150 ± 270 K. The 
inner dust shell radius is thus at 550 ± 160R*. The derived 
dust grain temperature is consistent with the expected dust 
temperature at the condensation zone. In Table ^, we sum- 
marize the adopted stellar parameters and the dust grain 
characteristics, and the derived dust shell parameters. 

We compare our derived dust shell parameters with 
those estimated by Williams et al. (1987) from their de- 
tailed dust shell model fits to the observed photometric 
data. They estimate the dust grain temperature at the in- 
ner dust zone and the inner dust shell radius to be 960 K 
and 690 R* respectively. Our derived dust shell parameters 
are in good agreement with their estimation. More recently, 



Zubko (1998) estimate the dust grain temperature at the 
inner dust zone of 1085 K and the inner dust shell radius of 
1500 R* for this WR star. While their estimated dust tem- 
perature is consistent with our observations, their value for 
the dust shell inner radius is about a factor of 2.5 larger 
than our determination. However, this author has assumed 
different values for the stellar photospheric parameters (T e ff 
=22000 K and R* = 10 R Q ). We also note that the empha- 
sis is more on far-infrared fluxes than near-infrared mea- 
surements (J and H band) : on the other hand, near- infrared 
fluxes are probably more sensitive to the inner dust shell 
radius. 

It is quite probable that the stellar radii of WC9 stars 
may be much smaller than the value adopted here, ie. R* 
= 3 R0 , and a correspondingly larger effective temperature 
of T e ff = 35000 K, but without much change in the stellar 
luminosity (Crowther, 1997). In this case, the dust shell size 
reported here would not change in absolute units, but the 
inner dust shell radius would be thus located at 2680 ± 
800 R* at the grain temperature of 1130 K. 

The suspected hot companion of WR 112, if present, 
would also heat up the circumstellar dust shell: the combined 
luminosity should be then adopted in estimating the dust 
grain temperature at the inner dust shell zone (Williams, 
van der Hucht, The 1987). In this case, the derived grain 
temperature at the inner shell radius would be larger by 
about 18% compared to the case when no companion is as- 
sumed. 



4 CONCLUSIONS 

We have investigated the circumstellar dust environment 
around a the WC9 Wolf-Rayet star WR 112 from near- 
infrared lunar occultation observations. The circumstellar 
dust shell has been directly detected for the first time from 
these observations carried out at 2.2^im from two indepen- 
dent telescopes. 

The recovered brightness profile has a FWHM of 0'.'059, 
or about 71 AU. Under reasonable assumptions of small op- 
tical thickness of the dust and constant dust formation, we 
also derive some physical parameters for the dust shell: inner 
radius of dust formation 0'.'031 or ~37 AU, and temperature 
of condensation ~ 1150 K. 

Our observations have also shown departure from cir- 
cular symmetry, with wings in the brightness profile which 
are more prominent in the South- West direction than in the 
North-East one. The SW wing can be traced out to about 
0//2. There is no signature of the central star from our ob- 
servations, and we show that this is consistent with the ex- 
pected properties of the object and the associated interstel- 
lar extinction. 

The quantitative conclusions that we derive are in good 
agreement with theoretical predictions and show the poten- 
tial of high angular resolution observations to investigate 
the inner structure of this class of objects. Further similar 
observations would be very useful to constrain further the 
physical characteristics of this object, and to study the de- 
tails of its structure. The current series of lunar occultations 
of WR 112 will continue to the end of 1999 and will be visible 
for all equatorial and southern latitude observatories. 
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